Human infections caused by coagulase-negative staphylococci have steadily increased in numbers and severity. Causes may be the use of artificial prostheses, immunocompromising chemotherapy and radiation therapy, and sophisticated surgical techniques, to name a few. Although the infectivity of coagulase-negative staphylococci as a group has been well documented for humans, attempts to study the pathogenesis of infections caused by individual species of coagulase-negative staphylococci have been hampered by the lack of an animal model that is not refractory to infection by these organisms. In the study reported here, a 2-day-old-mouse weight retardation test was used to assay the virulence of 60 clinical and reference strains of coagulase-negative staphylococci. These strains represented eight species of coagulase-negative staphylococci. The most virulent strains were demonstrated to be of the species Staphylococcus haemolyticus, S. saprophyticus, and S. epidermidis. The data further suggest that production of slime is a marker of virulence in S. epidermidis and that intraspecies differences in virulence occur.
Coagulase-negative staphylococci are ubiquitous in nature and are often primary pathogens in human diseases such as urinary tract, endocardial, ophthalmic, otitic, wound, blood, intestinal, and osteomyelitic infections (9, 12, 18, 25) . Infections caused by Staphylococcus aureus have correlated well with the ability to produce enzymes, toxins, and capsules (11) . However, the virulence factors that coagulase-negative staphylococci use to enhance their pathogenesis in human hosts have not been thoroughly studied, although certain strains do produce virulence-associated factors such as slime, hemolysins, and enterotoxins (2, 4, 7, 8, 12, 22, 24) .
Research into the factors that may potentiate virulence in coagulase-negative staphylococci has been hampered by the lack of a suitable animal model that is not refractory to infection by these organisms. In 1969 Chesbro et al. (3) tested the virulence of strains of S. aureus in mice. Although this species is armed with an impressive array of virulence factors, only 12% of the adult mice tested in that study were killed by intraperitoneal inoculation of 109 CFU of the organism. Thus, adult mice were found to have a high level of natural resistance to infection by this, the most pathogenic species of Staphylococcus.
In 1975 Namavar et al. (20) tested neonatal mice for their use as laboratory models for assaying the virulence of coagulase-negative staphylococci and S. aureus. After intracerebral inoculation, the 50% lethal dose of S. aureus ranged between 104 and 105 CFU and that of coagulasenegative strains ranged between 106 and 108 CFU. Neonatal mice were recommended as suitable animal models for the study of pathogenesis by coagulase-negative staphylococci. In 1979 McKay and Arbuthnott (19) studied the age-related susceptibility of mice to staphylococcal infections. In this study, mice were challenged by subcutaneous inoculation of staphylococci along the dorsal midline. Death and the development of lesions were recorded for mice that were 3 days, 10 days, and 21 days old at the time of injection. Highchallenge doses (approximately 109 CFU) of S. aureus were required to establish lesions in 21-day-old adult mice. However, low-challenge doses (approximately 104 CFU) of some strains of S. aureus caused lesions in 3-day-and 10-day-old mice, with the ability to resist challenge developing at about the fifth day. A strain of S. epidermidis was also tested, and although it could not produce lesions in mice at low-challenge doses, at the higher dose of 108 CFU it produced mild lesions in 10-day-old mice and proved lethal for neonates. These neonatal-mouse model studies were further evaluated and reported in 1980 by Kinsman and Arbuthnott (13) . Since it had been found earlier that using lesion formation as the sole criterion for assessment of virulence in the 3-day-old infant mouse was unsatisfactory for coagulase-negative staphylococci, although suitable for S. aureus, a weight gain index was developed as an alternative measure of virulence for coagulase-negative staphylococci. Their findings suggested that strains isolated from severe human infections caused a greater inhibition of weight gain than did strains from milder infections or environmental sources.
To further expand these studies with the neonatal mouse as the research model, reference and fresh clinical strains were identified to species level in the study reported here and were tested to determine whether individual species of coagulase-negative staphylococci differ in their virulence for infant mice and whether production of slime enhances the virulence of producer strains. (13) . Preliminary testing of their method in our laboratory showed that no differences in weight gain could be detected between control and infected (test) mice when we used outbred Swiss white mice in lieu of the Sha-Sha strain of mice. However, when the Kinsman-Arbuthnott method was modified so that 2-day-old Swiss mice were challenged with coagulase-negative staphylococci and the final weight of each mouse was determined at 1 day postchallenge, differences were discernible. At 2 days postchallenge, the infected mice recovered from the challenge dose and gained weight as rapidly as did the saline-injected control mice. Thus, a change in parameters was necessary in our study to overcome the higher natural resistance of the outbred strain of mice that we used.
MATERIALS AND METHODS

Microorganisms
In our modified infant mouse WR test the strains of Staphylococcus species were grown for 18 to 24 h in tryptic soy broth (Difco), the broth was centrifuged at 2,500 rpm for 10 min to sediment the cells, and the resulting sediment was suspended in normal saline (0.85%). Each test group of mice was injected subcutaneously along the dorsal midline with these suspensions of the Staphylococcus test culture (0.05-ml volumes; approximately 108 cells). Control mice were injected in a similar manner with only sterile normal saline. The number of mice in each group ranged between 3 and 6 sibling mice; the mean group size was 4. Each Staphylococcus strain was tested by using two or more litters of mice. All mice were returned to their mothers following the injections. After Slime production. The ability of strains to produce slime from glucose was tested in tryptic soy broth with glucose (test broth) and without glucose (control broth) by the tube adherence method described by Christensen et al. (4) . To determine the amount of slime produced by the test strains of coagulase-negative staphylococci, the broth was decanted and the glass tubes were allowed to dry. The CFU was used, with a mean value of 68%. A total of 57 strains of coagulase-negative staphylococci and 3 strains of S. aureus were tested in this study for their pathogenicity by using an infective dose of 108 CFU of organisms ( Table 1 ). The mean WR value for the 57 strains of coagulase-negative staphylococci was 32.8%. The three S. aureus strains were considerably more virulent for the test mice than were the coagulase-negative staphylococcus strains and had a mean WR value of 77.8%. The best delineation between species in the infant mouse WR test occurred when the challenge inoculum was 108 CFU.
Intraspecies and interspecies variability in virulence occurred among all species of coagulase-negative staphylococci ( Table 1) . The most virulent Staphylococcus species was the coagulase-positive organism S. aureus. The most virulent species of coagulase-negative staphylococci were strains of S. haemolyticus, S. epidermidis sensu stricto, and S. saprophyticus. No significant differences were observed between the WR values of the strains of these three organisms, although their mean WR values varied between 32.0 and 54.1%. The last two mentioned species were not as virulent for mice as was S. aureus (P < 0.05). However, strains of S. haemolyticus and S. aureus showed no significant differences in virulence for mice with the infant mouse WR test system. Species of lower virulence included S.
capitis, S. simulans, S. hominis, S. warneri, and S. lugdunensis. For the purposes of the statistical study, the last two strains were analyzed together, since the two were originally identified by Kloos as S. warneri. Of all the staphylococci that were examined in this study, strains of S. aureus, S. haemolyticus, and S. epidermidis were the only ones to occasionally cause death of the infant mice at the challenge dose. Slime was produced by several species of coagulasenegative staphylococci ( Table 2 ). The organisms having the largest percentage of strains of slime producers were S. lugdunensis, S. epidermidis, and S. warneri. Other than S. hominis and S. haemolyticus, most other species produced little or no slime. The three strains of S. aureus that were tested in this study did not produce slime. A previous study (unpublished) in this laboratory of 138 strains of coagulasenegative staphylococci representing seven species demonstrated 39.1% of these strains to be slime producers. Strains of S. epidermidis represented 65.2% of the total number of strains of staphylococci encountered in that unpublished study and 34.1% of the total number of strains that produced slime.
Eighteen strains of S. epidermidis were grouped according to their virulence for neonatal mice to determine whether a positive relationship existed between virulence and the ability to produce slime ( Table 3 ). The more virulent (higher WR value) that a strain of S. epidermidis was for mice, the more likely that it was to produce slime. Unlike the case with S. epidermidis, there was no difference between the virulence of slime-producing strains of S. warneri and that of non-slime-producing strains. There were not enough slime producers of the other species that were examined in this study to test them for a possible intraspecies relationship between slime production and WR values. 
DISCUSSION
In the study reported here, eight of the species that are the causative agents of 90% or more of all coagulase-negative staphylococcus diseases were found to differ in their virulence for infant mice when the WR test was used. Without a doubt, of these eight, S. haemolyticus was the most virulent and was as significantly virulent for infant mice as were strains of S. aureus (P > 0.05) ( Table 1 ). This organism is one of the most prevalent colonizers of human skin and is the etiologic agent in more than 11% of all cases of coagulasenegative staphylococcus disease (9, 14, 16, 18, 23) . S. epidermidis, the second most virulent species, is the most common colonizer of human epidermis and is by far the most frequent coagulase-negative staphylococcus etiologic agent, accounting for more than 62% of all human coagulasenegative staphylococcus infections (9, 14, 16, 18, 23) . The third most virulent species, S. saprophyticus, colonies primarily the periurethra of young women of early childbearing age and is the second most important coagulasenegative staphylococcus urinary tract pathogen in this age group of female patients (16) . Thus, a clear relationship exists between the ability of these three species of coagulase-negative staphylococci to cause weight loss in mice and their ability to colonize and to cause disease in humans.
In most human infections, the rank order of the frequencies of occurrence as pathogens of the eight predominant species of coagulase-negative staphylococci is similar to the rank order of the cutaneous population density of each (6, 14, 25) . Thus, the most common coagulase-negative staphylococcus pathogen, S. epidermidis, typically produces the largest coagulase-negative staphylococcus populations on human epidermis. Some investigators suggest that the pathogenicity of coagulase-negative staphylococci is explained best by an increased exposure of a host to a high colonization load, which subsequently leads to a greater number of infections (6, 25) . However, this simplistic view of coagulase-negative staphylococcus opportunism does not entirely explain the emergence of these organisms as significant pathogens in certain types of infections that previously were rarely attributed to them (6, 12, 23) , nor does it fully explain the predilection of some species, such as S. saprophyticus, VOL. 27, 1989 on November 6, 2017 by guest http://jcm.asm.org/ Downloaded from for colonizing and infecting specific body sites, such as the urogenital tract (16) .
Unlike the case with some gram-negative pathogens, only a few factors have been identified that enhance the virulence of coagulase-negative staphylococci, and slime appears to be one of these. This substance is produced principally by the species S. warneri, S. lugdunensis, and S. epidermidis and by rare strains of S. hominis, S. haemolyticus, and S. capitis (Table 2 ). Baddour et al. (1) reported that S. epidermidis is the only coagulase-negative staphylococcus species that produces virulence factors of any importance. Production of slime was the foremost marker of virulence for this species found in their research. Slime was demonstrated in other studies to function as a virulence factor by promoting the adherence to and colonization of artificial prostheses and indwelling catheters by slime-producing strains of S. epidermidis, thereby providing the initial steps leading toward foreign-body-associated infections (4, 12) . Slime may contribute even more to the virulence of S. epidermidis than just the ability to adhere. Gray et al. (10) demonstrated that the lymphoproliferative response of mononuclear cells decreases when these cells are exposed to slime and that this decrease contributes to the persistence of slime-producing strains in foreign-body infections. Noble and co-workers (21) demonstrated that slime does not affect phagocytosis by neutrophils, but it does cause a generalized loss of bacteriocidal activity by these cells. As neutrophils are exposed to greater quantities of slime, the greater is the loss of this activity. Thus, slime appears to provide producer strains of coagulase-negative staphylococci with the ability to adhere, colonize, and persist in a host and is possibly the most important virulence factor for the species S. epidermidis.
The use of 2-day-old immunologically immature mice for assaying the effects that potential virulence factors have upon pathogenesis minimizes the interference that may be due to individual variations in immune response seen between mature sibling mice. Thus, the WR test result for each coagulase-negative staphylococcus strain more accurately reflects the virulence of the test strain for the infected mice than the effects of the immune response of the host upon the infectivity of the challenge organism. Since the mice were injected subcutaneously, the ability of the organisms to produce illness rather than the ability to invade was measured, invasion being a task that opportunistic bacteria are typically unable to accomplish without a breach in the epidermal barriers of the host. A pronounced retardation of weight gain occurred with our infant mice when injected with S. epidermidis. Strains that produced a greater quantity of slime in the in vitro adherence test produced a greater retardation of weight gain.
Furthermore, all highly virulent strains, but only 22% of strains of low virulence, produced this substance (Table 3) . Thus, a strong relationship exists between the quantity of slime produced and the degree of virulence for mice that was measured for strains of S. epidermidis. Since the amount of slime that was injected into each mouse was not measured and since purified slime was not injected into mice to determine whether it does, indeed, cause retardation of weight gain, the cause of the retardation effects in this study remain undetermined. The basis for the virulence of other species of coagulasenegative staphylococci such as S. haemolyticus and S. saprophyticus is apparently quite different from that of S. epidermidis, since these two species produced little or no slime in the tube adherence test and yet were virulent for mice in this study. Hemolysins, enterotoxins, and certain enzymes all have been postulated to be virulence factors that are produced by strains of S. haemolyticus (2, 8, 22) . However, other than an ability to adhere better to exfoliated uroepithelial cells than to skin or buccal cells (5, 17) , the factors used by S. saprophyticus to enhance its virulence are to our knowledge unexplored. Additional WR studies are needed to identify factors that enhance the virulence of this species for young women of child-bearing age. The three strains of S. aureus that we studied also did not produce slime but were highly virulent for newborn mice. The pathogenicity of this species is well known. It derives its virulence from a large array of well documented potent virulence factors such as delta toxin, coagulase, fibrinolysin, and others (11) . Most of these factors are not produced in cultures of coagulase-negative staphylococci, hence the importance of slime in diseases caused by organisms such as S. epidermidis.
The WR test provided evidence that strains of coagulasenegative staphylococci vary in their virulence for infant mice and that slime may serve as a potentiator of virulence in producer strains. The virulence of S. epidermidis for infant mice as measured by weight loss related well to the production of slime. The virulence of individual species of coagulase-negative staphylococci in the WR test correlates well with the frequency of occurrence of human infections caused by these species of coagulase-negative staphylococci and, with strains of S. epidermidis, with the ability to produce slime. It seems feasible that the test can be used to study further the importance of factors other than slime in the enhancement of the virulence of coagulase-negative staphylococci for humans.
